A selective and speedy LC-MS/MS method was developed to determine six trichothecene mycotoxins (nivalenol, deoxynivalenol, fusarenon X, 15-acetyldeoxynivalenol, 3-acetyldeoxynivalenol, and T-2 toxin) in rice medium where Fusarium graminearum were cultivated for in vitro tests. The analytes were extracted from the rice medium with acetonitrile/water (85/15, v/v), and diluted with acetonitrile/water (5/95, v/v) in order to minimize the effects of matrices. Diluted solutions were analyzed by LC-MS/MS with electrospray ionization (ESI) interface in negative or positive ion mode and the multiple reaction monitoring mode. Recovery rates were 76-106% with a spiked level at 1-6 g/kg of mycotoxins that corresponded to the limit of quantitation. The method was applied to study the time courses of trichothecene production and the biomass of fungi by three Fusarium graminearum strains. Three strains have different mycotoxin biosynthesis pathways, wFg14 and 03E-1 were DON producer, and 03N-1 was NIV producer.
Only in the last 30 years has it become clear that various fungi produce toxic metabolites known as mycotoxins when they grow on agricultural commodities in the field or during storage. Their occurrence in a wide range of food and feed has become of great concern worldwide, because mycotoxins are often associated with acute, chronic, mutagenic, or teratogenic toxicity in livestock and humans. 1) The most grave mycotoxins are aflatoxins, ochratoxin A, trichothecenes, fumonisins, and zearalenones. Fusarium species have been reported among the major pathogens of various cereals in areas with warmer climates, like most of the Americas, Southern Europe, and Asia. Therefore the infestation of cereals with Fusarium species has been amply studied in many countries.
2)
Fusarium species produce many structurally different mycotoxins including trichothecenes, fumonisins, and zearalenones. Trichothecenes are highly immunosuppressive and are the largest group of mycotoxins produced by Fusarium species.
3) Trichothecenes (structures shown in Fig. 1 ) in a class of sesquiterpenoids contain an olefinic group, an epoxide, and a variable number of hydroxyl and acetoxy groups. Although the number of characterized trichothecenes is large, only some have been encountered as natural contaminants of cereal products. Deoxynivalenol (DON) and nivalenol (NIV) are the most commonly found. Their acetyl derivatives, 3-acetyldeoxynivalenol (3aDON), 15-acetyldeoxynivalenol (15aDON), and fusarenon X (FusX), co-occur regularly all over the world, with particularly high values in cereal grains. 4) T-2 toxin (T-2) does not occur as much as DON, but its toxicity is higher than that of DON. The Joint FAO/WHO Expert Committee on Food Additives (JEFCA) has evaluated the risk of trichothecenes and established that the provisional maximum tolerable daily intakes (PMTDI) of DON and T-2 are 1 and 0.06 mg/person kg/d respectively. 5) Trichothecene mycotoxins have been produced in liquid media by Fusarium and analyzed. 6, 7) The production of 3aDON was reported as 730 mg/l of culture.
8)
Fusarium also produced a lot of trichothecene mycotoxins in rice solid media, at a level of 700 mg/kg of media. 9) We decided to use rice solid media to find countermeasures against pollution by mycotoxin.
Since the discovery of these trichothecenes, they have been analyzed with TLC, 6, 7, 9) GC (ECD), 8) and GC-MS. 10) In addition, liquid chromatography coupled to tandem mass spectrometry (LC-MS/MS) was used to analyze crop residue recently. [11] [12] [13] LC-MS/MS has great advantages in that a relatively simple sample preparation is sufficient, no derivatization is needed, water-based samples can be handled easily, and a very small quantity of compounds can be detected. LC-MS/ MS also has a disadvantage called the matrix effect, where the matrices from extract of samples obstruct the ionization of mycotoxins. The matrix effect in LC-MS/ MS can be avoided by quantifying the target compounds y To whom correspondence should be addressed. Tel: +81-296-33-0555; Fax: +81-296-33-0456; E-mail: norifumi.sagawa@bayercropscience. com Abbreviations: 15aDON, 15-acetyldeoxynivalenol; 3aDON, 3-acetyldeoxynivalenol; DON, deoxynivalenol; ERG, ergosterol; FusX, fusarenon X; MRM, multiple reaction monitoring; NIV, nivalenol; T-2, T-2 toxin using a matrix standard or using an internal standard labeled with stable isotopes. We wanted to know what is the possible dilution rate to avoid the matrix effect without purification in the analysis of in vitro culture media. After optimization of multiple reaction monitoring (MRM) conditions, we studied the time courses of trichothecenes production and the biomass of fungi produced by three Fusarium graminearum strains using a developed method. The method affords the simultaneous analysis of DON, 3aDON, 15aDON, NIV, FusX, and T-2.
Materials and Methods
Isolates. Microdochium nivale that did not produce trichothecenes was used for the study of the matrix effect and a recovery test.
The following three F. graminearum strains were studied for the time course of trichothecene production: strain wFg14 was obtained from the Tokachi Agricultural Experiment Station, strain 03E-1 was isolated from wheat in Hokkaido, Japan, and strain 03N-1 was isolated from rice in Ibaraki Prefecture, Japan.
Incubation. Glass tubes (50 ml) containing dry polished rice (5 g) and distilled water (2.5 ml) were stopped with cotton plugs and autoclaved at 120 C for 30 min. Tubes were inoculated with 0.16 ml of spore suspension containing 10 6 macroconidia, and the cultures were incubated in the dark without shaking. To study the matrix effect, the tubes were incubated at 25 C for 7 d, followed by 10 C for 7 d, and cultures were extracted after 14 d of inoculation. To monitor the time course of trichothecene production, tubes were incubated in a twotemperature regime. One was at 25 C for 7 d, followed by 10 C after 7 d of incubation, and the other was at 25 C for the full incubation period. For the time course study, cultures were extracted 1, 2, 3, 4, 5, 6, 7, and 14 d after inoculation, and the cultures of wFg14 were also extracted 21, 28, and 35 d after inoculation, in triplicate for each strain and period.
Chemical and reagents. Standards of DON, 3aDON, 15aDON, NIV, FusX, T-2, and ERG were purchased from Wako Pure Chemical Industries (Osaka, Japan). Organic solvents were HPLC grade from Wako. Other chemicals were of pro analysis grade from Wako. Water was prepared with a Milli Q system (Millipore, Billerica, MA).
Sample preparation. At the end of the incubation period, 10 ml of acetonitrile/water (85/15, v/v) was added to each tube. After soaking overnight, samples were extracted by sonication for 30 min, and then supernatant and residue were separated.
A 1-ml aliquot of supernatant was diluted to a volume of 20 ml with acetonitrile/water (5/95, v/v).
Matrix standards were made by the following method. Aliquots of M. nivale extract corresponding to 2, 1, 1/2,
, and 1=2 10 g of rice were taken out to 20 ml volumetric flasks. Each 1 mg of six mycotoxin standards was added to the flasks, and the flasks were filled up to 20 ml with acetonitrile/water (5/95, v/v). The recovery test was carried out using the medium in which M. nivale was cultivated. Six mycotoxin standards dissolved in acetonitrile were added to the medium after cultivation. Acetonitrile was removed with N 2 gas, and then the medium was extracted and diluted by the method described above.
Analysis of ergosterol. In solid media, it is difficult to measure the growth rate of microorganisms by the weighing method. Ergosterol (ERG), which composes the membrane of fungi cells, was analyzed as an indicator of biomass. 14) ERG in supernatant and residue of extraction were measured separately, and the results were finally combined. After separation, a 2-ml aliquot of supernatant was transferred into a new centrifuge tube. The whole residue after the extraction was loosened into pieces of rice grains in the centrifuge tube, where fungi were cultivated. Twelve ml of methanol, 8 ml of ethanol, and 1.6 g of KOH were added to each tube, and the tubes were stopped firmly. They were heated at 80 C for 30 min. After cooling, saponified samples were transferred into Extrelute NT20 (Merck, Darmstadt, Germany) and stood for 15 min. ERG was eluted with 120 ml of n-hexane. The eluent was evaporated to dryness. The residue was dissolved in methanol, and ERG was measured by LC (UV) under the instrumental conditions described below. The recovery was 92% in supernatant and 95% in residue (n ¼ 3).
Instrumental conditions. Trichothecenes were determined by LC-MS/MS without an internal standard. Liquid chromatography was performed using a HP1100 series (Agilent, CA). The analytes were chromatographed on a Supersphere RP-18(e) column [25 cm Â 2.0 mm i.d., 4 mm (Merck)]. A Quattro Ultima Pt (Waters, Milford, MA), quadrupole mass spectrometer with an electrospray ionization (ESI) source was employed in this study. Analysis was performed using a gradient solvent program. The mobile phase was 5% acetonitrile for 12 min, 30% acetonitrile for 13 min, 30-55% acetonitrile for 5 min, 55% acetonitrile for 12 min, and finally 100% acetonitrile for 5 min. The flow rate was 0.2 ml/min. The injection volume was 10 ml.
The interfaces were operated in both negative and positive ion modes. Nebulizer gas and desolvation gas were nitrogen heated at 120 C and 400 C respectively. Ionization collisionally activated dissociation (CAD) MS/MS was performed on the collision cell, operating with 1.2 mTorr pressure of argon as the collision gas. Cone voltage and collision energy were optimized for each compound. The MRM mode was used for quantitation. The MRM conditions are shown in Table 1 .
ERG was determined using a HP1100 series. Separation was achieved on a Mightysil RP-18 GP C18 column [15 cm Â 2 mm i.d., 2 mm (Kanto Chemical, Tokyo)] with a mobile phase of methanol/water (98/2, v/v). The flow rate was 0.3 ml/min. The injection volume was 2 ml. ERG was detected with a UV detector at 282 nm.
Results and Discussion
Spectra and chromatograms Figure 2 illustrates the MS spectra, the MS/MS spectra acquired for each compound at the specific collision energy selected for analysis, and chromatograms spiked with 10 pg of each compound. In the parent ion scan mode, the ½M þ H þ ion of T-2 in positive ion mode and the ½M À H À ions of the other trichothecenes in negative ion mode were observed. Adduct ions were also detected. Ions at m=z 341 of DON, 383 of 3aDON and 15aDON, and 399 of FusX were ½M þ HCOO À À , and ions at m=z 331 of DON and 347 of NIV were ½M þ Cl À À . But ½M À H À and ½M þ H þ were the most intense in each spectrum. Then ½M À H À or ½M þ H þ ions were selected as precursor ions for collision with argon gas, and their daughter ions were detected in daughter ion scan mode. Fragment ½M À H À CH 2 O À ions of NIV, DON, and 3aDON were observed and selected for MRM. 3aDON and 15aDON produced the same precursor ions at m=z 337, but the ions at m=z 307 of 3aDON and at m=z 150 of 15aDON were unique and did not interfere with each other. Although the retention times of 3aDON and 15aDON were very close, the two compounds can be distinguished in MRM mode by selecting different transitions. Further, m=z 353 > 263 for FusX and m=z 489 > 387 for T-2 were monitored for MRM.
Calibration curve
Calibration curves of six trichothecenes and their correlation coefficients calculated from the logarithm of the amounts and the peak areas are shown in Fig. 3 . The curves showed good linearity in the range 0.2-400 pg for T-2 and 0.2-2,000 pg for the other five trichothecenes.
Matrix effect and recovery test
First we confirmed that the Microdochium nivale used did not produce the six trichothecene mycotoxins. The relationship of matrix concentration to peak response area of LC-MS/MS is shown in Fig. 4 . The higher the concentration of matrix was, the smaller the peak areas of the six mycotoxins became, and the more varied the peak area of T-2 was. As samples were diluted, peak areas became close to the areas of the standard without matrix. To achieve the peak area ratio of the matrix standard to the non-matrix one to be more than 90% and the relative standard deviation to be less than 5% for all the trichothecenes, a volume of 640 ml was needed to dilute the extract from 1 g rice medium.
The results of the recovery test are shown in Table 2 . The average recovery rates (n ¼ 5) of the mycotoxins were 76-106% when the spiked level was 1-6 mg/kg into rice medium, and 79-91% when the spiked level was 500-3,000 mg/kg. Relative standard deviations of recoveries were less than 15% for all the mycotoxins when the spiked level was 1-6 mg/kg. The limits of quantitation were 1-6 mg/kg for the mycotoxins tested.
Trichothecene mycotoxins have been analyzed in maize, 11) corn meal, 12) barley tea, and beer 13) using LC-MS/MS. In these reports, they purified the extract with Carbograph-4 or other solid extraction cartridges, but we analyzed diluted extract without prepurification. Sepa- ration on HPLC was not damaged even after running more than 1,000 non-prepurified samples. We have not yet checked whether our method is applicable to cereal samples, and thus it is our further task to check this. But since our method does not need to purify, it is very speedy to prepare samples. Thus this method is very useful for analysis of in vitro samples that comprise usually high numbers or small amounts. The in vitro assay system can be used for basic study to find suitable countermeasures against pollution with mycotoxins. For such purposes this method is suitable in terms of screening support.
Characteristics of mycotoxin production in the three strains of F. graminearum Figure 5 shows the growth and trichothecenes production curves of three strains. In the cases of these three strains, ERG concentrations increased with sigmoid curves or linearly. The acetyl derivatives, which were 15aDON at wFg14, 3aDON at 03E-1, and FusX at 03N-1, increased immediately after the beginning of ERG increase. After the occurrence of acetyl derivatives, DON or NIV started to increase. In the case of wFg14, 15aDON changed to reduce 7 d after inoculation, and reduced faster at 25 C than at 10 C after 7 d. Before 21 d, DON concentrations were higher at 25 C than 10 C. At 25 C, DON reduced after 21 d, although at 10 C DON was kept increasing through the incubation period. The maximum DON concentration was 320 mg/kg.
In the case of 03E-1, 3aDON showed a maximum at 3 d, and the DON concentration was almost fixed to about 25 mg/kg during 5 to 14 d after inoculation. No difference as between 10 C and 25 C was found. In the case of 03N-1, NIV and ERG concentrations were higher at 25 C than at 10 C. The maximum NIV concentration was 750 mg/kg at 14 d. But 03N-1 incubated for a longer period might further produce NIV, because NIV increased during the study period.
T2 was not detected in the three strains. It was estimated that an HT-2 toxin known as the metabolite of T2 was not produced in these strains.
The three strains of F. graminearum showed certain characteristics in their trichothecene biosyntheses. Strain wFg14 produced DON via 15aDON, and 03E-1 via 3aDON, while 03N-1 produced NIV via FusX. The time courses of the production of DON and 3aDON in the solid media in our experiment were similar to those of their production in liquid media reported by Yoshizawa et al., 7) and also to those in solid media reported by Witt et al. 9) These strains can be useful resources to investigate various in vitro tests to find better solutions of mycotoxin issues, and the information obtained in this study should help to develop and improve methods to detect minute amounts of mycotoxins in crops. Prof. Isomaro Yamaguchi of the University of Tokyo for skillful advice and support. 
